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Background: The guanine nucleotide exchange factor that activates Rab6A GTPase is not known.
Results: Ric1-Rgp1 binds Rab33B-GTP and catalyzes nucleotide exchange on Rab6A GTPase.
Conclusion: Ricl and Rgp1 are needed to generate and maintain active Rab6A on the Golgi.
Significance: This evidence supports the presence of a Rab cascade on the Golgi complex of human cells.

Rab GTPases are master regulators of membrane trafficking
events and template the directionality of protein transport
through the secretory and endocytic pathways. Certain Rabs
recruit the guanine nucleotide exchange factor (GEF) that acti-
vates a subsequent acting Rab protein in a given pathway; this
process has been termed a Rab cascade. We show here that the
medial Golgi-localized Rab33B GTPase has the potential to link
functionally to the late Golgi, Rab6 GTPase, by its capacity for
association with Ricl and Rgpl proteins. In yeast, Riclp and
Rgplp form a complex that catalyzes guanine nucleotide ex-
change by Ypt6p, the Rab6 homolog. Human Ricl and Rgpl
both bind Rab6A with preference for the GDP-bound confor-
mation, characteristic of a GEF. Nevertheless, both Ricl and
Rgp1 proteins are needed to catalyze nucleotide exchange on
Rab6A protein. Ricl and Rgp1 form a complex, but unlike their
yeast counterparts, most of the subunits are not associated, and
most of the proteins are cytosolic. Loss of Ricl or Rgp1 leads to
destabilization of Rab6, concomitant with a block in Rab6-de-
pendent retrograde transport of mannose 6-phosphate recep-
tors to the Golgi. The C terminus of Ricl protein contains a
distinct binding site for Rab33B-GTP, supporting the existence
of a Rab cascade between the medial and trans Golgi. This study
thus identifies a GEF for Rab6A in human cells.

Rab GTPases are master regulators of the secretory and
endocytic pathways (1-3). They recruit effector proteins to the
surfaces of specific membrane compartments to catalyze trans-
port vesicle formation, motility, docking, and fusion. Rab
GTPases are active with GTP bound, and guanine nucleotide
exchange factors (GEFs)® are key to facilitating the release of
bound GDP to convert Rab proteins into their active conforma-
tions. Identification of the cognate GEFs for the more than 60
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human Rab GTPases is important for our understanding of
membrane traffic (4).

The ordered steps of membrane traffic are likely templated
by a process referred to as a “Rab cascade” (5-7). Several exam-
ples of Rab GEF cascades have been described in which one Rab,
in its GTP-bound state, recruits the GEF that can activate the
next Rab GTPase along the pathway. For example, the yeast
Golgi Rab, Ypt32, recruits the Sec2p GEF to activate the subse-
quent acting, Secdp Rab GTPase (5). We have proposed that
Rab cascades order the compartments of the polarized Golgi
complex and help create this organelle (8). Delineation of the
relationships between GEFs and upstream Rab proteins will
enable us to define the way in which cells establish membrane
trafficking pathways.

Rabé is a Golgi-associated Rab GTPase that is important for
normal Golgi structure and function (9, 10). It is present on the
surface of transport vesicles en route to the cell surface where it
links transport vesicles to motor proteins (11). It is also needed
to anchor tethering factors such as GCC185 to the Golgi surface
to facilitate the receipt of incoming transport vesicles to that
compartment (12, 13). Studies of the yeast Rab6 homolog,
Ypt6p, have led to the identification of Riclp and Rgplp as a
complex that catalyzes Ypt6p nucleotide exchange (14). These
authors showed that RIC1 is linked to YPT6 genetically; Riclp
binds Rgp1lp, and this complex binds Ypt6p with preference for
the GDP-bound form. The Riclp-Rgplp complex, but not the
individual polypeptides, catalyzes nucleotide exchange by
Ypt6p in vitro and is needed for Ypt6p localization to the Golgi
in yeast cells (14).

Human cells express Riclp and Rgplp orthologs that have
not been studied to date. We show here that human Ricl and
Rgpl proteins also interact with one another, via the central
domain of Ricl protein. Ricl and Rgp1 proteins can each bind
independently to Rab6 with preference for the GDP-bound
forms; nevertheless, Rab6-specific GEF activity is only seen
when both polypeptides are present. Loss of Ricl or Rgp1 from
cells destabilizes Rab6 protein, decreases its abundance on the
Golgi complex, and at least in the case of Rgpl, interferes with
the retrograde transport of mannose 6-phosphate receptors
from late endosomes to the Golgi. Consistent with Ric1-Rgpl
participating in a cascade of Rab proteins, we find that Ricl
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interacts with Rab33B GTPase, a protein localized to the medial
Golgi complex, in a location where it can template the forma-
tion of a Rab6 membrane compartment.

EXPERIMENTAL PROCEDURES

Plasmids—GFP-Rgpl was obtained by PCR amplification
from an IMAGE clone (ID-3533857, Open Biosystems) and
cloned into the EcoRI and BamHI sites of pEGFP-C1 (Clon-
tech) containing a GFP tag at the N terminus. Myc-Ricl was
obtained by PCR amplification from pFlag-CMV-2-CIP150, a
gift of Dr. Tatsuo Takeya (Nara Institute of Science and Tech-
nology, Nara, Japan) and cloned into the Ascl and Pacl sites of
modified pCS2+ vector (Invitrogen) containing a 6 X Myc tag at
the N terminus. FLAG-Rab6A was generated from His-Rab6
(13) and cloned into the Ascl and Pacl sites of modified pCS2+
vector containing a 3XFLAG tag at the N terminus. The GDP-
locked (T27N) and GTP-locked (Q72L) mutants of Rab6 A were
generated by site-directed mutagenesis (Stratagene). GFP-
Rab33B and GFP-Rab4A were described (15).

For bacterial expression, full-length His-Rgpl and GST-
Rgpl were subcloned into the Ascl and Pacl sites of modified
pET-14b vector (Novagen) containing a His, tag or into pGEX-
6P1 (GE Healthcare) containing a GST tag at the N terminus,
respectively. GST-Ric1-1-364, GST-Ric1-365-719, GST-Ricl-
720-1344, and GST-Ric1-365-1344 constructs were PCR-am-
plified and ligated into pGEX-6P1. His-Ric1-365-1344 and
His-Ric1-1032-1366 was PCR-amplified and ligated into pET-
14b. His-Rab6A T27N was generated by site-directed mutagen-
esis. GST-Rab33B and GST-Rab9A were described previously
(15, 16); GST-Rab6A was generated from FLAG-Rab6A. For
insect cell expression, FLAG-Rgpl and Myc-Ricl were PCR-
amplified and ligated under the p10 promoter (P,,,) or polyhe-
drin promoter (Pp;;) of the pFastBac Dual expression vector
(Invitrogen), respectively.

Protein Expression and Purification—All constructs were
purified from Rosetta2 (DE3) cells (Novagen). Bacteria trans-
formed with His-Rgpl, His-Ric1-1032-1344, or His-Rab6A
T27N were grown at 37 °C to an Agy, = 0.5. The cells were
induced with 0.5 mm isopropyl B-p-thiogalactopyranoside and
grown for an additional 4 h at 22 °C. Harvested cells were resus-
pended in cold lysis buffer (50 mm Tris-HCI, pH 8.0, 200 mm
NaCl, 5 mm MgCl,, 0.1 mm dithiothreitol (DTT)) plus 20 mm
imidazole, and 10 um GDP (for Rab constructs) supplemented
with 1 mm phenylmethanesulfonyl fluoride (PMSF) and lysed
by a single pass at 20,000 p.s.i. through an EmulsiFlex-C5 (Aves-
tin). Cleared lysates (20,000 rpm, 45 min at4 °CinaJA-20 rotor;
Beckman Coulter) were incubated with nickel-nitrilotriacetic
acid agarose (Qiagen) for 1 h at 4 °C. The resin was then washed
with the same buffer and eluted with lysis buffer containing 200
mM imidazole. Fractions containing desired proteins were
pooled and desalted using PD-10 columns (GE Healthcare).
The samples were then concentrated using an Amicon Ultra
spin (Millipore), brought to 10% (v/v) glycerol, aliquoted, snap-
frozen in liquid nitrogen, and stored at —80 °C.

Bacteria transformed with GST-Rgpl, GST-Ricl-1-364,
GST-Ricl1-365-719, GST-Ricl-720-1344, and GST-Ricl-
365-1344 were grown at 37 °C to an A4y, = 0.5. The cells were
induced with 0.5 mm isopropyl B-p-thiogalactopyranoside and

42130 JOURNAL OF BIOLOGICAL CHEMISTRY

grown for an additional 4 h at 22 °C. Harvested cells were resus-
pended in cold buffer (50 mm HEPES-NaOH, pH 7.4, 250 mm
NaCl, 1 mm MgCl,, 1 mm DTT) supplemented with 1 mm PMSF
and lysed as above. Cleared lysates were incubated with gluta-
thione-Sepharose (GE Healthcare) for 2 h at 4 °C. The resin was
then washed with the same buffer and eluted with 50 mm
HEPES-NaOH, pH 7.4, 250 mm NaCl, 1 mm MgCl,, 1 mm DTT,
and 20 mum glutathione. Proteins were processed as above and
stored at —80 °C. GST-Rab6A, GST-Rab33B, and GST-Rab9A
expression and purification were as described previously (15).

Baculovirus expression of Ric1-Rgp1l complex was according
to the manufacturer (Invitrogen). Sf9 cells were infected with
recombinant bacmid, and the passage 3 viral supernatant was
harvested, spun to remove the cell debris, brought to 5% (v/v)
fetal bovine serum, and stored at 4 °C for subsequent infections.
S9 cells infected with passage 3 viral supernatant were har-
vested after 48 h and lysed in buffer C (Tris-HCl, pH 7.4, 150
mm NaCl, 5 mm MgCl,, 1 mm EDTA, 1% Triton X-100, and 10%
glycerol) supplemented with 1 mm PMSF, 2.3 um leupeptin, 1.5
M pepstatin, and 150 nm aprotinin. Clarified lysates were incu-
bated with FLAG antibody-agarose (Sigma-Aldrich) for 2 h at
4 °C. The resin was then washed with buffer C and eluted with
PBS containing 0.1 mg/ml 3XFLAG peptide (Sigma-Aldrich).
The eluted sample was used immediately for GEF assays or
stored on ice for up to 48 h.

Cell Culture, Transfections, and Sucrose Gradient Flotation—
HEK293T and HeLa cells from the American Type Culture
Collection were cultured at 37 °C, 5% CO, in DMEM (Gibco)
supplemented with 7.5% fetal bovine serum, 100 units penicil-
lin, and 100 wg/ml streptomycin. HEK293T cells were trans-
fected with polyethyleneimine (Polysciences); HeLa cells were
transfected using FUGENE 6 (Promega). Sucrose gradient flo-
tation was as described (17).

Antibodies—Rabbit anti-GFP (Molecular Probes); mouse
anti-FLAG and mouse anti-a-tubulin (Sigma-Aldrich); mouse
anti-His (Qiagen); rabbit anti-Rab6 (C-19; Santa Cruz Biotech-
nology); mouse anti-Rab33 (D5; Frontier Institute); and mouse
anti-GM130 (BD Biosciences) were purchased. Mouse anti-
Myc (9E10) and mouse (2G11) anti-cation-independent man-
nose 6-phosphate receptor (MPR) were described previously
(18). Rabbit anti-GDP dissociation inhibitor-f antibody was
described previously (19). HRP-goat anti-mouse and goat anti-
rabbit antibodies were from Bio-Rad. Alexa Fluor 488-anti-rab-
bit and Alexa Fluor 555- and 647-anti-mouse antibodies were
from Molecular Probes.

Co-immunoprecipitation and Binding Assays—HEK293T
cells expressing Rgp1, Ricl, and/or Rab6A constructs were har-
vested after 24 h and lysed in Tris-HCI, pH 7.4, 150 mm NaCl, 5
mm MgCl,, 1 mM EDTA, 1 mMmDTT, 1% Triton X-100, and 10%
glycerol containing 1 mm PMSF, 2.3 uMm leupeptin, 1.5 um pep-
statin, and 150 nm aprotinin. After centrifugation at 12,000 X g
for 10 min, 2 mg of extracts were precleared with protein
A-Sepharose (GE Healthcare) at 4 °C for 30 min. The pre-
cleared extracts were incubated with either GFP-binding
protein-conjugated agarose (for GFP-Rgp1l) or FLAG antibody-
conjugated agarose (for FLAG-Rab6A) for 2 h at 4°C. Im-
mobilized proteins were washed with the same buffer, eluted
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with 2X Laemmli buffer, and resolved by SDS-PAGE. Bound
proteins were detected by immunoblotting.

Glutathione-Sepharose-bound GST-Ricl (100 nm) was incu-
bated with His-Rgp1 (1 um) for 1 h at 20 °C in binding buffer (50
mMm HEPES, pH 7.4, 150 mm KCI, 5 mm MgCl,, and 0.1 mg/ml
BSA). The complexes were washed in binding buffer, eluted
with 2X Laemmli, and analyzed by immunoblotting. Binding of
GST-Rgpl and GST-Ricl-720-1344 with His-Rab6A T27N
was the same except that the buffer was supplemented with 50
uM GDP and the concentrations of GST-Rgpl and GST-Ricl
were 2 uM; His-Rab6A T27N was 1 uM. GST-Rab6A, GST-
Rab33B, and GST-Rab9A were loaded with GTP+yS or GDP
(16), and 1 um of active Rabs were incubated with His-Ricl-
1032-1344 (0.5 um); binding was performed as above. In Figs.
4B and 8E, bound Rab GTPase was determined by quantitative
immunoblot using anti-His and Alexa Fluor 647 anti-mouse
antibody; bands were quantified using a VersaDoc system (Bio-
Rad) and Adobe Photoshop CS3 (Adobe Systems) software.

Cell Fractionation and Gel Filtration Chromatography—
HeLa cells co-expressing GFP-Rgpl and Myc-Ricl were
washed three times with PBS and one time with 10 mm HEPES,
pH 7.4, followed by 15 min in 10 mm HEPES, pH 7.4. Cells were
harvested by scraping in 10 mm HEPES, pH 7.4, 150 mm KCl, 5
mm MgCl,, 1 mm EDTA, 1 mMm dithiothreitol plus protease
inhibitors and homogenized with 10 passes through a 27-gauge
needle. A postnuclear supernatant was obtained by centrifuga-
tion at 3000 rpm at 4 °C for 5 min. The postnuclear supernatant
was further centrifuged at 95,000 rpm for 20 min at 4 °C, and
the supernatant (cytosol) was subjected to gel filtration chro-
matography on a Superdex 200 FPLC column (GE Healthcare)
controlled by AKTApurifier (GE Healthcare). Gel filtration of
the immunopurified Ric1-Rgpl complex from Sf9 insect cells
was on the same column. Fractions were subjected to immuno-
blot analysis, and band intensities were quantified using Adobe
Photoshop.

Nucleotide Binding and GEF Assays—Purified Rab GTPases
were loaded with [y-**S]GTP (16) to determine their nucleo-
tide binding capacity. Active Rabs were incubated with Rgpl1,
Ricl, or both proteins in 50 ul containing 20 mm HEPES, pH
7.4,150 mm KCl, 2.5 mm MgCl,, 0.1 mg/ml BSA, 20 um GTP+S,
and 2 uCi of [y-**S]GTP at 30 °C, and aliquots were removed at
various times and quenched by the addition of ice-cold 20 mm
HEPES, pH 7.4, 100 mMm NaCl, and 25 mm MgCl,. The
quenched samples were assayed by filter binding followed by
liquid scintillation counting in BioSafe-II scintillation fluid
(Research Products International) using an LS-6500 liquid scin-
tillation counter (Beckman Coulter). Nucleotide exchange is
reported in pmol of GTP bound.

RNA Interference—siGENOME nontargeting small interfer-
ing RNA (siRNA) and siRNA oligonucleotides targeting the
OREF regions of Rgpl (5'-CAGTGATGGCCGAGGGAAA-3')
and Ricl (5'-GCACCTATCTAGAGAGCAA-3') were from
Dharmacon. Transfections were performed using 50% conflu-
ent cells with 40 nm siRNA using DharmaFECT (Dharmacon).
72 h after transfection, cells were processed for immunofluo-
rescence microscopy.

Immunofluorescence—HeLa cells seeded on coverslips and
depleted for endogenous Rgpl and Ricl were washed twice in

DECEMBER 7,2012+VOLUME 287 +NUMBER 50

Ric1-Rgp1Is a Rab6A GEF That Binds Rab33B

input (5%) anti-GFP-IP
GFP: + -  + -
GFP-Rgpt: - + - +
Myc-Rict: + + + +

100 -
[ -GFP-Rgp1
50 -
37 -
]—GFP
25 -

o

\)
Q Q (o)
— S & VO e e
=)
g
(0]
>
38
©
3 .£
[TR)
T °o
| -
o Myc-Ric1
8 10 11 12 13 14 15 16 17
C & > &
& P &
-c —~~
DD
o
=<
o)
Q5
—1 <
L ‘o
sk
= O
< o
16 18 20 22 24 26 28 30 32
fraction number
D 124567891011121314
Myc-Ric1- | ;

FIGURE 1. Rgp1 and Ric1 interact in vivo. A, HEK293T cells were transfected
with either GFP or GFP-Rgp1 with Myc-Ric1 for 24 h, and Rgp1 was immuno-
precipitated (IP) with anti-GFP-binding protein-conjugated agarose followed
by immunoblotting with anti-Myc antibody to detect Myc-Ric1 (top panel) or
anti-GFP antibody to detect GFP-Rgp1 (bottom panel). Double bands are seen
in the lower panel because the samples are only heated to 37 °C to decrease
aggregate formation seen at higher temperatures. Numbers at left indicate
the mobility of prestained marker proteins of the mass indicated in kDa. B,
Superdex 200 gel filtration of co-transfected Hela cell cytosol; migration of
GFP-Rgp1 or Myc-Ric1 was determined by immunoblot. Numbers at the top
indicate migration of marker proteins in kDa. AU, arbitrary units. C, Superdex
200 chromatography of anti-FLAG immunopurified FLAG-Rgp1/Myc-Ric1
complexes obtained after co-expression in Sf9 cells. D, immunoblot after
sucrose gradient flotation of an extract of HelLa cells transfected with Myc-
Ric1. The top of the gradient is fraction 1.
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FIGURE 2. Ric1 interacts directly with Rgp1 via the Ric1 central domain
(365-719). A, schematic representation of Ric1 constructs used. Multiple Ric1
isoforms of 1423, 1386, 1344, and 1165 can be found in PubMed. Structure
prediction of the N-terminal (1-364) and C-terminal (594-1415) domains of
Ric1 using the modeling tool, Protein Model Portal, is shown. Rgp1, Rab6A-
GDP and Rab33B-GTP binding sites discovered in this study are also indicated
(see “Results”). B, GST and GST-Ric1 constructs were immobilized on glutathi-
one-Sepharose followed by incubation with His-Rgp1 as described under
“Experimental Procedures.” Bound material was analyzed by immunoblot-
ting with anti-His antibody; GST and GST-Ric1 fragments were detected by
Coomassie Blue staining. Numbers at left indicate the mobility of prestained
marker proteins of the mass indicated in kDa. Structure prediction for Rgp1
residues 2-346 (out of 391) is shown.

25 - -GST

PBS and fixed for 15 min in 3.7% formaldehyde in 200 mm
HEPES-NaOH, pH 7.4. After fixation, cells were washed twice
in PBS and permeabilized with 0.1% Triton X-100 in PBS for 3
min. Coverslips were washed twice in PBS, blocked with 1%
BSA in PBS (blocking buffer) for 30 min, and incubated with
anti-Rab6, anti-GM130, and anti-cation-independent MPR
antibodies diluted in blocking buffer for 1 h at room tempera-
ture. Coverslips were washed, incubated with Alexa Fluor 488
or Alexa Fluor 647 secondary antibodies diluted in blocking
buffer for 1 h, and then washed and mounted using Mowiol
(Polysciences). Imaging was performed with a Leica TCS SP2
SE confocal scanner in conjunction with a Leica DM6000 B
upright scope (with attached Leica HCX PL apochromatic
63X /NA 1.4 objective) and a Leica CTR 6000 confocal control
box. This setup was controlled by Leica Control software (Leica
Microsystems). Images were processed using Image].

RESULTS

To explore the activity of human Ricl and Rgpl, we
expressed the proteins in human cells and first tested their asso-
ciation. N-terminally Myc-tagged Ricl was co-expressed in
HEK293T cells with either GFP or GFP-tagged Rgp1, and GFP-
tagged proteins were collected using immobilized single chain
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FIGURE 3.Rgp1 and Ric1 interact with GDP-bound Rab6A in vivo. HEK293T
cells were transfected with FLAG vector, FLAG-Rab6A wild type, GDP-prefer-
ring FLAG-Rab6A T27N, or GTP-locked FLAG-Rab6A Q72L and GFP-Rgp1
alone (left panels), Myc-Ric1 alone (right panels), or both (middle panels) for
24 h. FLAG-Rab6A was immunoprecipitated (/P) with anti-FLAG antibody-
agarose followed by immunoblotting with anti-GFP and anti-Myc antibodies
to detect co-immunoprecipitated GFP-Rgp1 and Myc-Ric1, respectively.
Immunoprecipitated FLAG-Rab6A levels were assessed by immunoblotting
with anti-FLAG antibody. Inputs (2%) are shown below.

anti-GFP llama antibody. As shown in Fig. 14, this procedure
precipitated about 20-25% of GFP and GFP-Rgpl proteins;
Myc-Ricl (~5%) co-precipitated with GFP-Rgp1 but not GFP.
This experiment shows that at least a portion of Ricl associates
with Rgpl in HEK293T cells.

We noted that Ricl and Rgp1 proteins migrated anomalously
if samples were boiled prior to SDS-PAGE; samples were
instead warmed to 37 °C, which yielded double bands for GFP
and GFP-Rgp1 (Fig. 14). The tendency of the proteins to aggre-
gate upon boiling suggested that Ricl and Rgp1 may form larger
complexes in cells. Gel filtration of cytosol from HeLa cells
expressing Myc-Ricl or GFP-Rgpl revealed that both proteins
chromatographed as larger, heterodisperse assemblies (Fig.
1B). Much of the ~150-kDa Myc-Ricl gene product chromato-
graphed with an apparent mass of >700 kDa; the ~68-kDa
GFP-Rgpl chromatographed as a monomeric species as well as
larger forms that may be associated with Ricl protein. This
pattern was also seen when the proteins were co-expressed in
Sf9 insect cells and isolated by anti-FLAG antibody adsorption
and elution (Fig. 1C). Consistent with the co-immunoprecipi-
tation results, a significant fraction of FLAG-Rgp1 protein did
not co-chromatograph with Ricl protein. Thus, ~20% of exog-
enous Myc-Ricl may associate with GFP-Rgpl in cytosol.
Moreover, sucrose gradient flotation of whole cell extracts indi-
cated that less than ~15% of Myc-Ricl or FLAG-Rgpl (not
shown) proteins were membrane-associated (Fig. 1D).

The Protein Model Portal was used to explore the predicted
structure of Ric1 protein, which was found to contain a possible
WD40-like, B propeller at its N terminus and a helical solenoid
atits C terminus. This is reminiscent of the structure of clathrin
and coatomer coat proteins as well as certain transport vesicle-
tethering proteins such as Dsl1 (20). To identify the region in
Ricl needed for Rgpl association, we relied on the predicted
structures to generate GST fusion constructs representing the
N-terminal propeller (residues 1-364), a central domain com-
posed of residues 365-719, and the C-terminal « solenoid (res-
idues 720-1344). The constructs were expressed in bacteria

VOLUME 287 +NUMBER 50-DECEMBER 7, 2012



tx
B
o
o\ N A
A P X
3 I <
N\ P P P

100 - [ s

75 -

50 - -

25- .  —

T
Ponceau

40
S .
§ % - GST-Ric1-720-1344
° t - GST-Rgpt
3 20 +
o)
_g }
[0)
§ 10
o

R
0 25 5 7.5 10

RabBA T27N (uM)

N

Rab6 bound to
N

Ric1-720-1344 (pmol)

GDP GTP
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Bound material was analyzed by immunoblotting with anti-His antibody
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detected by Ponceau S staining (lower panel). B, binding of Rab6 T27N (1 um)
to GST-Rgp1 or GST-Ric1-720-1344 determined as in A. Error bars represent
S.E. from two independent experiments. C, GST-Ric1-720-1344 immobilized
on glutathione-Sepharose was incubated with His-Rab6A loaded with either
[*HIGDP or [**SIGTPyS. Ricl-bound Rab6A was detected by scintillation
counting. Error bars represent S.E. from two independent experiments.

(Fig. 2B, lower panel); only the middle construct showed signif-
icant binding to His-tagged Rgpl protein also purified after
expression in bacteria. Thus, the central domain of Ricl inter-
acts with Rgp1 protein.

Previous work on yeast Ric1-Rgp1 showed that the complex
bound Ypt6 with preference for the GDP-bound form, but
those experiments did not determine which of the two polypep-
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TABLE 1
Summary of protein expression and purification
ND, not detected.

Proteins purified and tested Rab6A GEF
by GEF assay Source activity
Fusion protein
GFP-Rgp1 and Myc-Ricl Mammalian cells ND
FLAG-Rgpl and Myc-Ricl ~ Mammalian cells ND
FLAG-Rgpl and GFP-Ricl =~ Mammalian cells ND
FLAG-Rgpl and Ricl-GFP  Mammalian cells ND
GFP-Rgp1 and Ricl-Myc Mammalian cells ND
Rgp1-GFP and Ricl-Myc Mammalian cells ND
Rgpl-GFP and Ricl-Myc In vitro translation ND
GST-Rgpl full length Bacteria (500 nm enzyme, ~ ND
1 uM Rab6)
His-Rgp1 full length Bacteria (500 nm enzyme,  ND
1 um Rab6)
GST-Ric1-720-1344 Bacteria (500 nm enzyme, ~ ND
1 uM Rabé6)
His-Ric1-720-1344 Bacteria (500 nm enzyme, ~ ND
1 uM Rab6)
GST-Ricl-365-1344 Bacteria (500 nm enzyme,  ND
1 uM Rab6)
GST-Ricl-365-1344 and Bacteria (500 nm enzyme, ~ ND
His-Rgpl 1 uM Rab6)
FLAG-Rgpl and Myc-Ricl  Insect cells (100 nm Rgpl, 0.2 pmol of GTP
1 pM Rab6) exchanged/
min®
Additional purified
proteins
GST-Ricl-1-364 Bacteria
GST-Ric1-365-719 Bacteria
His-Ric1-1032-1344 Bacteria
His-Rgp1-N Bacteria
His-Rgp1-C Bacteria
Proteins that could not be
purified
His-Ricl full length Bacteria
His-Ric1-1-364 Bacteria
His-Ric1-365-719 Bacteria
His-Ric1-720-1031 Bacteria
GST-Ricl full length Bacteria
GST-Ric1-720-1031 Bacteria
GST-Ric1-1032-1344 Bacteria

“ Assayed at 30 °C; see Fig. 5.

tides bound Ypt6 (14). GFP-Rgpl and Myc-Ricl, in extracts
obtained after expression in HEK293T cells, displayed binding
to Rab6 with preference for Rab6A T27N, which binds GDP
more than GTP (Fig. 3). Binding was seen when the Ricl and
Rgp1 proteins were expressed alone or in combination. In these
experiments, we cannot rule out the presence of the endoge-
nous partner protein assembling with either Ricl or Rgp1.

Direct binding of Rab6A to each of the subunits was shown
using purified proteins (Fig. 4). In these experiments, bacteri-
ally expressed and purified GST-Rgpl or GST-Ricl solenoid
(720-1344), but not GST control, retained purified His-Rab6
T27N protein, as determined by immunoblot analysis (Fig. 4A).
These experiments show that both Ricl and Rgp1 bind Rab6A-
GDP and can do so even in the absence of the corresponding
partner protein.

The binding of Rab6 A-GDP to Rgp1 and Ric1-720—1344 was
saturable with K, values of ~1 um (Fig. 4B). The preference of
Ric1-720-1344 for Rab6A-GDP over Rab6A-GTP was further
confirmed using purified GST-Ric1-720 —1344 and Rab6A pre-
loaded with either GDP or GTP+S. Ric1-720 —1344 bound with
3-fold preference to Rab6-GDP when compared with Rab6-
GTP (Fig. 4C).

To test whether Ric1-Rgpl showed Rab6A GEF activity, we
attempted to generate recombinant Ricl and Rgpl proteins
(Table 1). The smaller, full-length Rgp1 protein could be pre-
pared in GST- and His-tagged forms, but we were not success-
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massie Blue staining of the purified complex is shown at the /eft. Double bands are in part due to not boiling samples to avoid aggregation. B, Coomassie
Blue-stained gel of purified GST-Ric1-365-1344 (left lane) and GST-Rgp1 (right lane). C, Rab6A (50 pmol) was incubated with 10 (70 U) or 20 units (20 U) of
Ric1-Rgp1 complex (corresponding to 5 or 10 pmol of Rgp1) at 30 °C. Protein-bound nucleotide was determined. D, Rab6A (50 pmol) was incubated with Rgp1
(40 pmol), Ric1-365-1344 (40 pmol), Ric1-Rgp1 complex (20 units), or boiled Ric1-Rgp1 complex (20 units) at 30 °C. Nucleotide exchange was determined as
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FIGURE 6.Rgp1 and Ric1 regulate cellular levels of Rab6A. A, HEK293T cells were transfected with either Rgp1 or Ric1 siRNA. 12 h after transfection, cells were
transfected with either GFP-Rgp1 or Myc-Ric1 for 24 h. Levels of Rgp1 and Ric1 were then assessed by immunoblotting with anti-GFP antibody to detect
GFP-Rgp1 (top panel) or anti-Myc antibody to detect Myc-Ric1 (bottom panel). B, HeLa cells were transfected with control, Rgp1, or Ric1 siRNAs for 72 h, and the
levels of endogenous Rab6A and Rab33B were assessed by immunoblotting with anti-Rab6A and anti-Rab33B antibodies. Equal protein loading was verified
by immunoblotting for GDP dissociation inhibitor-B (GD/) (for Rab6A) or a-tubulin (for Rab33B). C, quantification of Rab6A. Data represent the average of three
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issues, we generated a baculovirus that would permit co-ex-
pression of Ricl and Rgp1 in insect cells.

ful in preparing either His-tagged or GST-tagged versions of
full-length Ricl protein from bacteria. For Ricl protein, the

longest form produced in bacteria was GST-Ricl-365-1344.
None of these proteins, tested alone or mixed as indicated,
showed GEF activity when assayed at 500 nm with 1 um active
Rab6A protein (Table 1). Full-length Ricl and Rgp1 were pro-
duced successfully upon expression in HEK293T cells, but the
proteins were not obtained in significant yield and also failed to
display GEF activity when tested in vitro. To circumvent these
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Fig. 5A (left lane) shows a Coomassie Blue-stained gel of the
protein complex isolated from insect cells. Purification was
accomplished by anti-FLAG affinity chromatography; although
both polypeptides could be detected in the purified fractions,
significantly more FLAG-Rgpl was present in the purified
material (Fig. 54; see also Fig. 1C). Nevertheless, the addition of
the purified Ricl-Rgpl complex enhanced the rate of GTP
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GM130

FIGURE 7. Effect of Rgp1 and Ric1 depletion on Rab6A at the Golgi, cation-independent MPR transport, and Golgi structure (GM130). Hela cells were
transfected with control or Rgp1 or Ric1 or both siRNAs for 72 h and processed for immunofluorescence microscopy. Shown are confocal micrographs of a
single Z-stack of endogenous Rab6A (left column), CI-MPR (middle column), and GM130 (right column). Bar, 10 wm.

binding to Rab6A protein in a concentration-dependent man-
ner (Fig. 5C). Activity was due to protein as it was lost upon
boiling of the enzyme sample (Fig. 5D). GEF activity was spe-
cific for Rab6A and not seen for the early endosome Rab4A
protein or for the medial Golgi Rab33B protein (Fig. 5E). Activ-
ity required the presence of both polypeptides and was not seen
if proteins purified separately were simply mixed (Fig. 5, B and
D). Thus, proper assembly and/or post-translational modifica-
tion may be necessary for recovery of the active Ric1-Rgp1 GEF.
We cannot exclude the possibility that the co-expressed pro-
teins bring with them an additional component during purifi-
cation as a few other bands were seen on the Coomassie Blue-
stained gel (Fig. 5A4) that may or may not represent degradation
products of Ricl and Rgp1.

Cellular Role of Ricl-Rgpl—If Ricl-Rgpl functions as a
Rab6A GEF in cells, its absence should influence Rab6A protein

pCEEY S

DECEMBER 7, 2012+ VOLUME 287 +NUMBER 50

function. Antibodies were not available to monitor siRNA
depletion of the endogenous proteins; however, under condi-
tions where exogenously expressed Ricl or Rgpl were com-
pletely depleted (Fig. 6A4), Rab6A protein levels were decreased
60-75% (Fig. 6, B and C). This effect was specific for Rab6A as
Rab33B, another Golgi Rab, was not decreased and even
increased slightly upon Ricl siRNA treatment (Fig. 6B). It is
known that the ability of a Rab to bind to key effectors stabilizes
Rab proteins (16); thus, the destabilization of Rab6A seen upon
Rab6A GEF loss is not entirely unexpected. This finding sup-
ports the proposal that Ric1-Rgp1 is a Rab6A GEF in cells.
The Rab6A protein level decrease seen by immunoblotting of
siRNA-treated cell extracts was also detected by immunofluo-
rescence microscopy; perinuclear Golgi staining of Rab6A was
lost upon depletion of Ricl, Rgpl, or Ricl and Rgpl proteins
(Fig. 7, left column). Under these conditions, the structure of
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experiments. Numbers at right indicate the mobility of prestained marker proteins of the mass indicated in kDa.

the Golgi, as monitored by the localization of the protein
GM130, was essentially normal (Fig. 7, right column). Trans-
port of mannose 6-phosphate receptors from late endosomes
back to the Golgi complex relies upon Rabé6 to localize the teth-
ering factor, GCC185, to the trans Golgi network (13). For this
reason, loss of Rab6 would be predicted to interfere with man-
nose 6-phosphate receptor trafficking. Indeed, depletion of
Rgpl or both Rgpl and Ricl led to the accumulation of man-
nose 6-phosphate receptors in peripheral structures (Fig. 7,
middle column), some of which represent transport intermedi-
ates (21). Depletion of Ricl alone did not show the dispersal of
mannose 6-phosphate receptors seen upon depletion of Rgp1;
this is most likely due to the decreased ability of the Ricl siRNA
to decrease Rab6A levels in cells relative to Rgp1 siRNA (Fig. 6).
Nevertheless, these data confirm the importance of Ric1-Rgpl
on Rab6A stability and localization to the Golgi complex, where
it can recruit factors needed for retrograde trafficking steps.
Rab6A Connects to Rab33B in a Rab Cascade—Rab GTPase
cascades (3, 5-7) can template the formation of an ordered
series of compartments in the secretory and endocytic path-
ways and have been proposed to underlie the creation of the
Golgi complex (8). Thus, it is important to explore which Rab
GTPases may be key to establishment of the Golgi and how they
are ordered in a possible cascade. Rab33B is the only Rab that
has been localized specifically to the medial Golgi, and this pro-
tein is a candidate to direct the localization of the subsequent
acting Rab6A GTPase. We were delighted to discover that Rab33B
binds to Ricl and Rgp1 proteins after expression in mammalian
cells (Fig. 8). For these experiments, GFP-Rab33B was co-ex-
pressed in cells with Ricl and Rgp1 proteins; binding was moni-
tored by collecting the GFP-Rab33B using immobilized GFP-
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binding protein. As shown in Fig. 84, co-expressed FLAG-Rgpl
and Myc-Ric1 could be retained by immobilized GFP-Rab33B but
not GFP-Rab4A after expression in mammalian cells.

To ensure that binding was direct, we tested whether puri-
fied, recombinant His-Ric1 residues 1032—1344 could also bind
Rab33B. As shown in Fig. 8B, this Ricl C-terminal fragment
showed significant binding to GST-Rab33B but not GST-
Rab9A. Moreover, binding was stronger to Rab33B-GTP than
to Rab33B-GDP (Fig. 8, B and C), demonstrating that Ricl is an
effector of Rab33B protein. Importantly, the fragment that
bound to Rab33-GTP failed to bind to Rab6A-GDP or GTP,
demonstrating that Rab33B interaction occurs via a distinct site
on Ricl protein (Fig. 24).

Rab33B preloaded with GTP%S did not influence the ability
of Ric1-Rgpl to catalyze nucleotide exchange on Rab6A protein
(Fig. 8D). In addition, Rab33B-GTP did not alter the binding of
Ricl-720-1344 to Rab6A-GDP (Fig. 8E). These experiments
suggest that Rab33B binding may be used for localization rather
than activation of the Ric1-Rgpl GEF complex.

DISCUSSION

We have shown here that human Ricl and Rgp1 proteins can
associate with one another and together, comprise a GEF for
Rab6A. The yeast orthologs of these proteins comprise a GEF
for the Rab6A homolog, Ypt6p (14). In support of Ricl-Rgpl
functioning as a Rab6A GEF in cells, depletion of the proteins
destabilized Rab6A and interfered with the retrograde trans-
port of mannose 6-phosphate receptors. In addition, we have
shown that Ricl and Rgpl can each bind Rab6A-GDP inde-
pendently; at least Ricl can also bind Rab33B-GTP directly, to
form a possible Rab cascade at the Golgi. Binding of Rab33B did
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not compete with binding for Rab6A, consistent with the pro-
teins occupying a distinct binding site on Ric1 protein. Thus, we
have identified four distinct domains in Ricl: an N-terminal,
putative 3 propeller followed by independent binding sites for
Rgpl, Rab6A-GDP, and Rab33B-GTP (Fig. 24, top).

We were surprised to find that unlike the yeast orthologs,
most Ricl and Rgp1l were not Golgi-associated, and both were
found predominantly in the cytosol. Moreover, the majority of
the polypeptides did not form a stoichiometric complex, and
much of Ricl chromatographed with an apparent M, of greater
than 700,000. That the proteins might carry out diverse and
possibly independent functions is implied from their gene
expression in various human tissues. According to the BioGSP
expression profile, Ricl is uniformly expressed across all tissues
and cell types tested, whereas Rgpl is much more highly
expressed in CD56+ natural killer cells, dendritic cells, and
CD19+ B cells, and to a lesser extent in the thyroid, colon, and
prostate. This suggests that Ricl and Rgp1 likely play distinct
roles in these cell and tissue types (see also Ref. 22).

A connection between Rab33B and Rab6 has been seen pre-
viously. Storrie and colleagues (23) reported that Rab33B over-
expression leads to loss of Rab6 from the Golgi. It is possible
that overexpressed Rab33B sequesters Ricl-Rgpl complex so
that it is unable to activate Rab6 appropriately. In an attempt to
confirm interaction of Ric1-Rgp1l with Rab33B in cells, we co-
expressed the proteins and tested whether expression of
Rab33B increases the association of Ricl or Rgp1 with the Golgi
complex. Upon co-expression of Rab33B with either Ricl or
Rgpl, we were not able to detect a significant increase in Ricl or
Rgp1 Golgi association. It is possible that binding is sensitive to
the liquid nitrogen procedure used to wash out cytosolic pro-
teins prior to fixation for light microscopy. Nevertheless, inter-
action of the proteins with Rab33B-GTP was confirmed in
immunoprecipitation experiments (Fig. 8), and a specific
Rab33B binding site was identified in Ricl protein.

Although the GEFs for Sec4p (Sec2p), Rab5-Rab21 (Rabex5),
and Rab35 (DENNDI1B) are monomeric, several other Rab
GTPase guanine nucleotide exchange factors are multisubunit
enzymes (4). For example, the mammalian Rabl GEF, TRAPP
(transport protein particle) complex, contains nine polypeptide
subunits, and four of these contribute to GEF activity (24). The
Ypt7 GEF is composed of Ccz1lp and Monlp subunits that are
both required for activity, and one of the subunits associates
with the homotypic fusion and protein sorting (HOPS) tether-
ing complex (25). In the case of the monomeric GEFs, the pro-
teins interact with other polypeptides that catalyze vesicle
docking and also contribute to GEF localization. By encoding
Rab GEF activity in a multisubunit complex, Ricl and Rgpl
proteins can harbor additional binding sites for upstream Rab
proteins (in this case, Rab33B), and perhaps also vesicle-tether-
ing factors. How Ricl and Rgp1 engage Rab6 on the Golgi and
help Rab6 mediate anterograde and retrograde transport, as
well as Golgi structure maintenance, represent important ques-
tions for future investigation.
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